Abstract. Apoptosis, a form of programmed cell death with unique morphological and biochemical features, is dysregulated in cancer and is activated by many cancer chemotherapeutic drugs. Noninvasive assays for apoptosis in cell cultures can aid in screening of new anticancer agents. We have previously demonstrated that elastic scattering spectroscopy can monitor apoptosis in cell cultures. In this report we present data on monitoring the detailed time-course of scattering changes in a Chinese hamster ovary (CHO) and PC-3 prostate cancer cells treated with staurosporine to induce apoptosis. Changes in the backscattering spectrum are detectable within 10 min, and continue to progress up to 48 h after staurosporine treatment, with the magnitude and kinetics of scattering changes dependent on inducer concentration. Similar responses were observed in CHO cells treated with several other apoptosis-inducing protocols. Early and late scattering changes were observed under conditions shown to induce apoptosis via caspase activity assay and were absent under conditions where apoptosis was not induced. Finally, blocking caspase activity and downstream apoptotic morphology changes prevented late scattering changes. These observations demonstrate that early and late changes in wavelength-dependent backscattering correlate with the presence of apoptosis in cell cultures and that the late changes are specific to apoptosis. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Apoptosis, a regulated form of cell death, is implicated in the selective deletion of cells in certain disease states, where a biological role for deletion is evident. 1, 2 A wide variety of stimuli and conditions, both physiological and pathological, can trigger apoptosis. These stimuli include: DNA damage, intracellular damage, toxins, extracellular signals, heat, free radicals, growth factor withdrawal, cytokines, loss of matrix attachment, glucocorticoids, nitric oxide, oxidative stress, and radiation. 3 The role of apoptosis in cancer is so prominent that its evasion is considered to be one of the fundamental hallmarks of cancer. 4 Further, it is now well-documented that many cytotoxic anticancer agents induce apoptosis, raising the possibility that defects in the apoptotic programs contribute to treatment failure. [5] [6] [7] Reed may have put it best: "when it comes to the successful eradication of cancer cells by nonsurgical means, ultimately, all roads lead to apoptosis. Essentially all cytotoxic anticancer drugs [and other cancer therapies] currently in clinical use, when they work, induce apoptosis of malignant cells". 8 Enhanced apoptosis is also responsible for many of the adverse effects of chemotherapy in addition to tumor regression. 9 Due to the central role of apoptosis in disease management, it would be desirable to have a noninvasive method to serially detect and monitor apoptosis in patients undergoing conventional cancer treatments as well as for the development and testing of new drugs. 10 The development of a noninvasive detection method for apoptosis requires knowledge of the pathways and mechanisms that allow for the biochemical and morphological changes of apoptosis. Many of these biochemical and morphological changes result from the activation of a series of cysteine proteases, called caspases, which cleave target molecules after certain aspartate residues 11 and produce the morphological and biochemical changes characteristic of apoptosis. [12] [13] [14] Apoptosis is distinguished from other forms of cell death by its unique micromorphology changes. Perhaps the most widely recognized apoptotic morphology changes are those that occur in the cell nucleus. During apoptosis, nuclear material (DNA and other proteins) collects into condensed, coarsely granular aggregates, which can be confluent over the entire nucleus, or localized to crescent-shaped caps. 15 In most, but not all cases, the nucleus then breaks up into discrete fragments, in which the characteristic segmentation of chromatin is maintained. 1, 16 Dramatic changes in mitochondrial morphology, including swelling 17 and shrinkage, can also occur during the early stages of apoptotic cell death. 18 After treatment with apoptotic stimuli, mitochondrial christae remodel from a normal configuration to a vesicular structure to release cytochrome c into the cytosol. During this progression, the distribution of mitochondria is also affected. Fragmentation of the mitochondrial network has been described in connection with many modes of apoptosis induction. The mitochondrial network transitions from an interconnected tubular structure to a punctiform, fragmented structure at early stages of the apoptotic cascade. 19 Apoptosis also induces a process known as apoptotic volume decrease (AVD), which occurs before or coincidentally with nuclear changes, and during which the cell cytoplasm progressively condenses, presumably a consequence of an expulsion of water. 16 AVD is accompanied by an increase in cellular density and is often the earliest visible manifestation of apoptosis.
In vitro apoptosis measurements in cell culture are commonly employed in early stage research for screening potential anticancer agents, using assay methods that exploit some of the biochemical and morphological features of apoptosis described above. These methods include: various types of optical microscopy, gel electrophoresis, DNA nick-end labeling, mitochondrial assays, and detection of apoptotic proteins. Some assays utilize flow cytometry, which can quantify the apoptotic population. All current methods, however, require either the addition of an exogenous stain or labeling agent, or the physical disruption of the culture itself. 20, 21 An ideal assay for apoptosis would allow for assessment of the apoptotic state of a population of cells without altering the intracellular environment. Such a method would enable monitoring of a single culture sample (or even a single cell) over time, rather than requiring a new culture for each time point. This would allow for a more accurate assessment of cellular responses and minimize the effects of culture-to-culture biological variability. In addition, it would be ideal for this detection method to be sensitive to very early apoptotic changes, which could help elucidate the specific apoptotic pathways activated by the agents under investigation.
Recently, there has been interest in developing optical methods of detecting apoptosis in cell cultures due to their inherent noninvasiveness, with a longer-term goal of in vivo measurements. [22] [23] [24] [25] [26] [27] Specifically, our group has been developing elastic scattering spectroscopy (ESS) as a diagnostic tool for apoptosis. ESS is sensitive to underlying cellular micromorphology at the organelle level, [28] [29] [30] so the dramatic morphology changes of apoptotic cells make apoptosis an attractive target for monitoring by this method. In recent publications, 25, 26 we have demonstrated that both angle-and wavelength-dependent scattering can discriminate between apoptotic and normally propagating cells. Wavelength-dependent backscattering measurements can detect changes in scattering from Chinese hamster ovary (CHO) cells 10 to 15 min after treatment with the apoptosis-inducing agent staurosporine. 26 Though we are interested in sensing changes in scattering due to apoptosis as early in the process as possible, we also wished to investigate the possibility of later scattering changes, particularly since the process can progress in culture for 24 h or more. Furthermore, when developing a new detection method for apoptosis, it is important to determine whether the new technique is specific to the apoptotic process.
Having identified a reliable optical signal, we conducted a series of experiments to determine whether the observed changes in optical signature were, in fact, specifically due to apoptosis. This paper reports on that series of experiments, which verify the specific correlation of the optical signal with the apoptotic process. A discussion of the possible biological sources of the early scattering changes is presented in a companion publication.
Experiment Design 2.1 Instrument Design and Measurement Protocol
Wavelength-dependent measurements in the near-backward direction were made with instrumentation previously described and validated. 26 A schematic is presented in Fig. 1 . Briefly, broadband light from a xenon arc lamp (Hamamatsu, LC5, L8253) was delivered to cell cultures plated in glass-bottomed 12-well plates (Mat-Tek Corp., P12G-1.5-14-F) using a fiber probe. The probe consisted of six 100-μm illumination fibers arranged in a circularly-symmetric pattern around a single 100-μm collection fiber. The probe was positioned above the sample at a distance such that the scattered light was collected at an angle of approximately 179 deg. A kinematic mount allowed access to each of the plate's 12 wells with precise repositioning. The unpolarized scattered light was transmitted to a spectrometer (Ocean Optics, USB4000) and analyzed. The sample plate was positioned in a temperature-controlled water bath (37
• C) with a black surface, both to help maintain culture conditions and to minimize collected background light.
Two separate measurements were required for each sample: 1. I sample , the raw spectrum collected from a cell culture and 2. I background , the spectrum collected using all components of the system excluding the cells. Additionally, a spectral response, I spec.resp. , was acquired using a spectrally-flat diffuse reflector (Spectralon, Labsphere, Inc.), to account for the spectral characteristics of the system. Pixelation noise was reduced using boxcar smoothing with a width of eight pixels corresponding to the resolution of the spectrometer (∼1.5 nm). The spectrum of each cell sample was calculated using the following formula: I spectrum = (I sample − I background )/I spec.resp. . To eliminate dependence on the intensity of incident light or the number of cells interrogated, the spectra were normalized to the area under the curve.
Correlation of ESS Changes to Drug Concentration
A first measure of specificity for apoptosis was performed to determine if the observed optical signal is caused by the addition of staurosporine. Varying the concentration of staurosporine should alter the extent of apoptosis in a culture. The optical response is expected to correlate with the percentage of apoptotic cells, and if the optical signal is correlated with apoptosis, the kinetics of optical changes should also increase with increasing dose. To assess this, we performed scattering measurements in the near-backward direction on CHO cells and confirmed the occurrence of apoptosis with a standard assay of caspase activity. CHO cells were plated in polystyrene culture dishes and grown in Dulbecco's modification of eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. Atmosphere was held at 37
• C and 5% CO 2 . Cells were plated in glass-bottomed 12-well plates and grown to confluence. At the beginning of the experiment, the growth medium was aspirated and replaced with clear DMEM supplemented with one of the five different concentrations of staurosporine (Sigma-Aldrich, S6942). Each treated sample was paired with a control sample containing an equivalent volume of dimethyl sulfoxide (DMSO). Thus, each plate held the five different concentrations and their corresponding controls, such that the environmental conditions were the same for all samples in each set. The scattering measurements described in Sec. 2.1 were made at various times up to 48 h, to capture the onset and progression of changes in the optical signal.
Apoptotic activity in samples treated with each concentration of staurosporine was quantified 4 h and 24 h after staurosporine treatment using a luminescent assay for caspase activity (Caspase-Glo 3/7 Assay, Promega). Cells were grown in white-walled 96-well plates (Cliniplate 96-well microplate, Thermo Fisher Scientific) under the same conditions as those used in the optical experiments.
ESS Measurements in Other Cell Types
A new method for detecting apoptosis in cell cultures should not be limited to a specific response in a single cell type. Thus, the protocol from Sec. 2.2 was performed on PC-3 cells, a human prostate cancer line, to determine if the scattering characteristics of staurosporine-induced apoptosis were similar to that of CHO cells. 31 
ESS Measurements With Other Apoptosis Inducers
If the observed optical signal is due to the apoptotic process, rather than some other feature of staurosporine treatment, different induction protocols should produce similar apoptotic morphology changes to staurosporine treatment and, therefore, similar optical signals. To confirm this, scattering measurements were performed on multiple sets of CHO cells, each treated with a different apoptosis inducer. (See list of concentrations in Sec. 3.3.) Control cultures were also considered, one without a vehicle for the compounds dissolved in water, and one with DMSO only. The concentrations used for each inducer were chosen based on the manufacturer's data sheets or a literature search. 32 Scattering measurements were taken for each culture at six time points, chosen based on the features of the optical signal observed for cultures treated with 2 μm staurosporine, to allow for comparison of magnitude and timescale. The presence or absence of apoptosis in cultures treated with each inducer after 4 or 24 h was verified using the caspase activity assay described in Sec. 2.2.
Determining Specificity: Blocking the Caspase Cascade
Many of the classic apoptotic morphology changes, including chromatin condensation and nuclear fragmentation, are downstream of the apoptosis-specific caspase cascade. These downstream morphology changes should be prevented if the caspase cascade is blocked. Inhibition of caspase activity by the use of broad-spectrum caspase inhibitors results in the inhibition of apoptosis as assessed by the lack of appearance of apoptotic nuclear morphology and oligonucleosomal DNA fragmentation. 33 The commonly used caspase inhibitor carbobenzoxy-valylalanyl-aspartyl-[O-methyl]-fluoromethylketone (z-VAD-fmk), which binds to the catalytic site of the caspase proteases and can thereby block apoptosis induction, was used in this study.
We expect that if the features of the optical signal observed in CHO cells following treatment with staurosporine result from apoptotic morphology changes that are downstream of the caspase cascade, blocking caspase acitivty, and therefore, the downstream morphological changes, should attenuate the optical response. Conversely, if the optical signal results from morphological changes upstream of the caspase cascade, blocking that pathway should have little effect on the optical response. These measurements should allow identification of optical features that are necessarily specific to the apoptotic process. We note that while features due to upstream morphology changes may not necessarily be specific to apoptosis, they may nevertheless be characteristic and yield useful diagnostic information.
Confluent cultures of CHO cells were treated with one of the following: a control volume of DMSO; 2 μm staurosporine in DMSO; 2 μm staurosporine in DMSO plus 50 μm z-VADfmk (Enzo Life Sciences, BML-P416-0001); or 50 μm z-VADfmk alone. Scattering measurements were made at times up to 48 h following treatment. The presence or absence of apoptosis in cultures treated with staurosporine or staurosporine plus z-VAD-fmk was determined by the caspase assay described in Sec. 2.2.
Results

Dose Response: CHO Cells Treated with Staurosporine
Scattering measurements in the near-backward direction were performed on six sets of samples. Cultures treated with staurosporine showed both an early optical signal, characterized (simplistically) by an overall decrease in the (negative) spectral slope, as well as a late optical signal characterized by an increase in spectral slope. Representative spectra in tering changes, the slope ratios of ESS spectra at 450 and 700 nm were calculated for all cultures of CHO cells treated with either 2 μm staurosporine or 0.2% DMSO (combining results from Secs. 3.1, 3.3, and 3.4; n = 17). A paired student's t-test comparing the ratio from the DMSO and staurosporine-treated cells revealed that the spectral slope changes were significant both at 30 m (p < 10 − 5 ) and at 24 h (p < 10 − 8 ). Both the kinetics and the magnitude of these signals were dependent on staurosporine concentration. These qualitative doseresponse results are summarized in Table 1 , where the onset times of the early and late optical signals, as well as their relative magnitudes, are indicated. The magnitude of the optical signal is described qualitatively in terms of the slope difference of the ESS signal between CHO cells treated with 0.5 μm staurosporine and the control population.
The cultures treated with 0.5 μm staurosporine showed only slight changes in optical scattering. The magnitude of both the early and late optical signals was greater for the cultures treated with 1 μm staurosporine than for the cultures treated with 0.5 μm staurosporine. The three highest concentrations of staurosporine produced an optical signal with still greater magnitude. For concentrations that produced detectable changes in Table 1 A summary of scattering changes observed in cell cultures (n = 6) treated with five different concentrations of the apoptosis inducer, staurosporine. The onset times for early and late scattering changes as well as relative magnitudes of the changes are indicated for each concentration. The relative magnitudes of the effect are expressed in terms of the arbitrary unit, + , relating to the degree of the slope differences in ESS signal between CHO cells treated with 0.5 μm staurosporine and the corresponding control cells. The onset of the late optical signal was also accelerated in cultures treated with higher concentrations of staurosporine. The incubation time required for late signal onset decreased from 12 h in cultures treated with the lowest concentration of staurosporine to 4 to 6 h in cultures treated with 5 and 10 μm staurosporine. This indicates that the time required for onset of apoptosis in a number of cells is sufficient to produce detectable differences in scattering decreases with increasing inducer concentration.
Staurosporine
The average and range (n = 3) of caspase activity produced by each concentration of staurosporine or DMSO are shown in Fig. 3 . In each of the control samples, a low level of caspase activity was observed, corresponding to a low level of apoptosis. At 4 h post-treatment, the treated samples show a monotonic increase of caspase activity with increasing inducer concentration. By 24 h post-treatment, each treated sample displays similar high levels of caspase activation.
From the correlation between the scattering and caspase activity data, it is evident that the magnitude and timing of the features of the optical signal are correlated with treatment dose of staurosporine. Furthermore, the caspase activity assay data also suggests that the optical signal is related to staurosporineinduced apoptotic activity present in the cultures.
Dose Response: PC-3 Cells Treated with Staurosporine
Following the same protocol as for CHO cells, scattering measurements were performed on two sets of PC-3 cultures. The representative spectra in Fig. 4 , taken from PC-3 cultures treated Table 2 . Again, as in Table 1 , the magnitude of the optical "signal" is described qualitatively in terms of the slope difference of the ESS signal between PC-3 cells treated with 0.5 μm staurosporine and the control population. Interestingly, the kinetics of the early optical signal were similar for both cell types, while the kinetics of the late optical signal were slower in PC-3 cells than in CHO cells for the lower concentrations, but were faster than that of the CHO cells at the 10 μm concentration. Nevertheless, the qualitative features of the signal were consistent between the two cell types despite the differing dynamics. Thus, the optical signatures observed upon apoptosis induction with staurosporine are not restricted to a single cell type. 
Response of CHO cells to Other Apoptosis Induction Protocols
Scattering measurements were performed on CHO cells treated with six different protocols to induce apoptosis. At least two sets of measurements were acquired from cultures treated with each inducer. Four of the six inducers tested produced changes in optical signal. Like the spectra produced by staurosporine, these changes in optical signal were characterized by an overall decrease in spectral slope at early times and an overall increase in spectral slope at later times. Both the onset times of the early and late optical signals and the magnitude of those signals varied with apoptosis inducer, as summarized in Table 3 .
The results of the fluorometric caspase assay are shown in Fig. 5 . The average caspase activity (and the range of measured activity) for each of the six treatments is plotted along with a medium-only control and a DMSO-only control, and the level of caspase activity in cells treated with staurosporine for comparison.
While several of these treatments induced apoptosis in CHO cells, it is not surprising that some did not. The response of a cell depends upon its specific machinery and receptors, so not all cells will respond to all apoptotic stimuli. The inducers chosen for this study induce apoptosis through different mechanisms (listed in Table 3 ), so these measurements help to ensure that the optical response is not pathway-specific. Of the six conditions tested, four produced appreciable increased levels of apoptosis in CHO cells, while two did not. 800 mM mannitol produced levels of apoptosis that were approximately the same as staurosporine treatment and valinomycin produced higher levels. Actinomycin D and puromycin showed no appreciable caspase activity above the basal level of the controls at 4 h, but produced levels similar to staurosporine treatment at 24 h. Treatment with either Fas ligand or puromycin yielded only a slight increase of caspase activity above the activity of the controls. When considering both the scattering data and the caspase activity for each condition, it is encouraging that each treatment that produced an optical response also showed elevated levels of apoptotic activity. Furthermore, in the cases were no optical signal was present, the caspase assay confirmed that there was no increase of apoptosis for those conditions. Additionally, the timing of the features of the optical signal and levels of caspase activation were consistent. Delayed caspase activation correlated with late onset of the optical signals. We note that the correlation is not exact in all cases, and is likely the result of additional apoptotic mechanisms not measurable by caspase activity.
The findings that the optical response due to staurosporine treatment is dose-dependent and is not restricted to a specific cell line, and that similar optical responses result from treatment with inducers with different mechanisms of action, suggest that the observed optical signals result from common apoptotic morphology changes rather than being an additional side effect of a specific type of treatment.
Blocking the Caspase Cascade
Scattering measurements were performed on nine sets of samples to evaluate the impact of the caspase inhibitor z-VAD-fmk on staurosporine-induced ESS signals, as described in Sec. 2.5. Figure 6 shows the average spectra of the untreated control (black), and of cells treated with staurosporine (red), and the sample containing both staurosporine and z-VAD-fmk (green). No scattering changes were observed in the culture treated with z-VAD-fmk alone (data not shown).
z-VAD-fmk had no effect on the early optical signal produced by staurosporine treatment, indicating that the apoptotic changes responsible for the early optical signature is upstream of the caspase cascade. The specific biological origin of the early optical signal is discussed in the accompanying paper.
Through the first 6 h, cells treated with staurosporine and z-VAD-fmk produced the same ESS spectrum as cells treated with staurosporine alone. This indicates that z-VAD-fmk does not inhibit the typical early manifestations of apoptosis upstream of the caspase cascade. In contrast, the onset of late scattering changes was affected when the caspase cascade was blocked by z-VAD-fmk. The late optical signal occurred after the first 8 h of treatment with staurosporine alone, but not until sometime between 36 and 48 h in the culture co-treated with z-VAD-fmk. By 48 h, the cells treated with staurosporine and z-VAD-fmk produced a spectrum very similar to those treated with staurosporine alone. This implies that z-VAD-fmk does not indefinitely impede apoptosis in CHO cells treated under these conditions.
The optical response to staurosporine can be described as three phases: 1. an initial phase characterized by a decrease in slope of the optical signal (15 m to 6 h); 2. a second phase resulting in a loss of that optical signal (8 to 12 h); and 3. a third phase characterized by an increase in slope (>18 h). When considered in this fashion, the inhibition of the caspase cascade (with z-VAD-fmk) delays the onset of both the second and third phases.
The studies above do not yield enough information to determine whether phases 2. and 3. of the optical signal are due to the same underlying biological mechanism, but further discussion can be found in the companion paper to this work.
The impact of z-VAD-fmk on staurosporine-activated caspase activity is shown in Fig. 7 . Low caspase activity was seen at both 4 and 24 h under the three control conditions (DMEM only, DMSO only, and z-VAD-fmk only). Cells treated with staurosporine showed a marked increase in caspase activity at both times. The culture containing both staurosporine and z-VADfmk had very low levels of caspase activity at both 4 and 24 h of treatment, indicating that z-VAD-fmk effectively blocks the caspase cascade during the first 24 h of staurosporine treatment.
While z-VAD-fmk did not prevent the early signal, it did, nonetheless, slow the kinetics of the late optical signal. The lack of late optical signal correlates with the absence of significant caspase activity at 4 and 24 h.
These observations are consistent with the hypothesis that an apoptotic morphological change downstream of the caspase cascade is responsible for the late optical signal. Furthermore, the overall increase in negative spectral slope is indicative of the presence of smaller scattering centers. This would be consistent with the appearance of condensed chromatin, mitochondrial christae reformation, and cytoskeletal disruption, which are characteristic of apoptosis. This hypothesis initially seems at odds with the eventual appearance of a late optical signal in cultures co-treated with z-VAD-fmk. If the caspase cascade remains blocked, and the late signal is due to an apoptotic change downstream of the caspase cascade, this should not occur. Staurosporine, however, has been shown to induce both caspase-dependent apoptosis and caspase-independent apoptosis, which occurs on a longer timescale than the caspasedependent events. 33, 41 In the slower type of apoptosis, cells still exhibit the morphological and biochemical features despite effective caspase inhibition. If staurosporine induces caspaseindependent apoptosis in CHO cells, and the apoptotic morphologies are maintained but occur on a slower timescale, this would account for the very late scattering changes despite inhibition with z-VAD-fmk.
We also note that despite the addition of z-VAD-fmk, staurosporine still causes the death of CHO cells. Since mitochondria are involved in apoptosis upstream of the caspase cascade, addition of z-VAD-fmk does not prevent mitochondrial changes. Early in apoptosis, mitochondria rupture and release cytochrome c into the cytosol. This rupture results in the loss of mitochondrial function and energy production, and ultimately the death of the cell. This cell death occurs on a relatively slow timescale 42 and may contribute to late changes in ESS spectrum when the caspase cascade is blocked.
Conclusions and Future Studies
Cell cultures treated with inducers of apoptosis show both an early optical signal, characterized by an overall decrease in spectral slope, as well as a late optical signal characterized by an increase in spectral slope. The experiments presented investigate the relationship between observed changes in optical scattering and the apoptotic process itself. We conclude that the optical signal observed is directly indicative of apoptosis, based on the following observations: 1. The magnitude and kinetics of the optical signal in CHO cells depend on the concentration of apoptosis inducer. 2. The optical signal is not restricted to a single cell type. The magnitude and kinetics of the optical signal induced by staurosporine treatment of PC-3 cells are similar to those in CHO cells. 3. The optical signal is not restricted to a single type of inducer. An optical signal with the same qualitative early and late features is produced with various treatment protocols that are known to induce apoptosis in CHO cells through different mechanisms. The early and late optical signals are absent in the case of treatments that do not induce apoptosis in these cells. 4. Inhibition of the apoptosis-specific caspase cascade during staurosporine treatment delays the onset of the late optical signal.
Having shown that the observed changes in wavelengthdependent backscattering are indicative of apoptosis in cell cultures the next step in developing ESS as a reliable diagnostic tool for apoptosis is to determine the specific morphology changes responsible for the changes in scattered spectrum. Considering both the timescale of the late optical signal and the evidence that these changes occur downstream of the caspase cascade, the late optical signal is likely due to the later stage apoptotic changes. These may include the classic morphology changes of chromatin condensation, mitochondrial christae remodeling, and cytoskeletal disruption. As mentioned above, some studies suggest that mitochondrial fragmentation occurs in parallel with the formation of apoptotic bodies and an increase in DNA fragmentation. In this case, mitochondrial fragmentation, if it occurs in CHO cells, could account, at least in part, for some of the observed late signal. We note that the qualitative feature of the late signal-the relative increase in scattering at shorter wavelengths-is indicative of an increased preponderance of smaller scatterers. This is consistent with all of the morphology changes discussed above, where material and organelles condense and segregate into smaller structures. Further pathway studies and high-resolution imaging will be required to determine the specific apoptotic morphology changes responsible for the late optical signal.
Finally, we note that the early optical signal is unaffected by blockage of the caspase cascade. While we cannot conclude that the origin of the early signal is necessarily specific to apoptosis, it is still possible that early scattering changes arise from one or more apoptotic morphology changes upstream of the caspase cascade. The fact that the early signal appears during apoptosis induced with multiple preparations through different mechanisms suggests that it is indicative of the process and can still yield diagnostic information. An investigation of the origins of the early optical signal during apoptosis induction is the subject of a companion publication.
